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Bridge-Pier Caisson Foundations subjected to Normal and Thrust 
Faulting : Physical Experiments versus Numerical Analysis 
 
G. Gazetas, O. Zarzouras, V. Drosos, I. Anastasopoulos 
National Technical University of Athens 
 
Abstract Surface fault ruptures can inflict serious 
damage to engineering structures built on or near them. 
In the earthquakes of Kocaeli, Chi-chi, and Wenchuan a 
number of bridges were crossed by the emerging normal 
or thrust faults suffering various degrees of damage. 
While piles have proved incapable of tolerating large 
displacements, massive embedded caisson foundations 
can be advantageous thanks to their rigidity. The paper 
explores the key mechanisms affecting the response of 
such bridge foundations subjected to dip-slip (normal or 
thrust) faulting. A series of physical model experiments 
are conducted in the National Technical University of 
Athens, to gain a deeper insight in the mechanics of the 
problem. The position of the caisson relative to the fault 
rupture is parametrically investigated.  High-resolution 
images of the deformed physical model is PIV-processed 
to compute caisson displacements and soil deformation. 
A novel laser scanning technique, applied after each 
dislocation increment, reveals the surface topography 
(the relief) of the deformed ground. 3D finite element 
analyses accounting for soil strain-softening give results 
in accord with the physical model tests. It is shown that 
the caisson offers a kinematic constraint, diverting the 
fault rupture towards one or both of its sides. Depending 
on the caisson’s exact location relative to the rupture, 
various interesting interaction mechanisms develop, 
including bifurcation of the rupture path and diffusion of 
plastic deformation.  
 
Keywords Fault-rupture apparatus; finite elements; 
embedded foundation; soil–structure interaction; 
bifurcation; shear band. 
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1 Introduction 
 
In large magnitude earthquakes the seismogenic fault 
may rupture all the way to the ground surface, creating a 
(tectonic) hazard that is different in nature than the 
(dynamic) threat of ground shaking.  Manifesting itself 
most frequently in the form of a scarp or of a trace on the 
ground, the fault rupture emerges slowly (in tens of 
minutes) and is profoundly affected by the presence of 
deep soil deposits overlying the basement rock. 
Propagation of the rupture in the soil deposit modifies 
that direction of its path and tends to ameliorate the steep 
ground scarp once the rupture outcrops. Structures 
straddling the fault are threatened by structural damage 
(the extreme being collapse) and excessive movements 
(most significant: uncontrollable rotation).  Such effects 
on structures have been numerous  and conspicuous in 
the earthquakes of Nicaragua 1972,  Kocaeli 1999,  
Düzce 1999,  Chi-Chi 1999,  Wenchuan 2008  [1-10]. 
Yet, in a number of cases, structures survived major 
fault offsets with hardly any damage.  Apparently, the 
interplay of the propagating in the soil fault rupture (the 
moving “shear band”) with the foundation-structure 
system plays a critical role in the overall structural 
performance.  Several studies have been published in 
recent years exploring the consequences of such 
interaction [1, 11-15]. One of the most important general 
conclusions of these studies is that, depending on their 
rigidity, continuity, and surcharge loading, foundations 
can often force the fault rupture to deviate and thus they 
protect the structure from the imposed fault deformation.  
Several strategies to protect a facility from the danger of 
a fault rupturing directly underneath it have been 
proposed in the literature [16-18]. A set of practical 
design recommendations has also been formulated in 
Gazetas et al. [19] while, more recently, research into the 
mechanics of fault-rupture–soil–foundation–structure 
interaction (FR-SFSI) has revealed a potentially 
favourable role of massive caissons in comparison with 
shallow and piled foundations. 
The research presented here in involves both 
experimental testing and 3D numerical exploration of the 
mechanisms of dip-slip FR-SFSI with caisson 
foundations. A series of reduced-scale (1/20) physical 
model tests were conducted in the Laboratory of Soil 
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Mechanics of the National Technical University of 
Athens to investigate the response of a square in plan 
caisson foundation of prototype dimensions 5 m x 5 m x 
10 m, founded on a 15 m thick layer of dry dense sand. 
The focus is on the influence of:  
 the caisson’s position relative to the fault rupture  
 the fault type (normal or reverse), and  
 the fault offset. 
The experiments are numerically simulated with finite 
elements; validation of the analysis enables a more 
detailed theoretical parametric study which could offer 
additional insights.  
 
 
2 Physical Modelling 
 
As sketched in Fig. 1, the investigated problem refers to 
a square in plan reinforced concrete (RC) caisson 
foundation of prototype dimensions 10 x 5 x 5 m (H x W 
x D), fully embedded in a 15 m deep  dense sand stratum. 
The relative density Dr of the soil stratum is 
approximately 80% and the dead load of the caisson 
foundation is 20 MN. 
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Fig. 1 Sketch of the studied problem indicating the basic 
parameters and dimensions at prototype scale, for the cases of: 
(a) a normal, and (b) a thrust rupturing fault.  
 
As discussed in [13] and [15], the selected caisson 
dimensions are typical for a highway bridge pier carrying 
a 1200 Mg deck load.  The bedrock is subjected to 
tectonic dislocation due to a 45o “dip-slip” fault (normal 
or reverse) having a vertical offset component h . The 
position where the fault would cross the base of the 
caisson, s, if the rupture propagation were unperturbed by 
the presence of the caisson, is shown in the figure. The 
displacements and rotation of the caisson (Δx , Δz , and θ) 
along with the displacements in the soil mass are 
recorded during the evolution of the phenomenon, both in 
the experimental and the numerical simulation.  
A total of 5 physical model tests (2 for normal and 3 
for reverse faulting) are conducted in the Fault Rupture 
Box (FRB) of the Laboratory of Soil Mechanics. Besides 
the style of faulting and the magnitude of offset, the 
experiments aim at investigating the effect of the position 
of the caisson foundation relative to the outcropping fault 
rupture. Before studying the interaction between caisson 
and fault rupture, the free field problem must be analysed 
(for both normal and reverse faulting) in order to define 
the position of the foundation relative to the fault rupture, 
via parameter s.  
The physical model experiments are conducted 
utilizing a custom built Fault Rupture Box (FRB), a split-
box (Fig. 2) designed to simulate the propagation of fault 
rupture through soil and its interaction with foundation–
structure systems.  The apparatus is equipped with a 
fixed and a movable part, which moving up or down 
simulates normal or reverse faulting. At the two sides of 
the split box, special transparent barriers are installed to 
allow observation of soil deformations. With internal 
dimensions 2.6 x 1.1 x 1.0 m (length x width x height), 
the apparatus is capable of simulating soil deposits of up 
to 1 m in height, at a maximum imposed fault offset of 
+/ 0.2 m (i.e., offset–over–thickness ratio of 20%). 
Along the two long sides of the box transparent barriers 
are installed, composed of a Plexiglas sheet from the 
outside for rigidity and durability, and a glass sheet from 
the inside for scratch protection and friction 
minimization. These transparent “windows” are used to 
record the evolution of soil deformation during the test.  
 
movable partfixed part
 
Fig. 2 Photo of the Fault Rupture Box (FRB) used for the 
experiments filled with soil (free-field case).  
 
Cole & Lade [20] were among the first to use a split 
box to simulate fault rupture propagation through 
granular soil, in a series of small scale free field rupture 
tests. Similar split containers have been used to 
investigate the behaviour of buried pipelines subjected to 
strike-slip faulting [21-23]. Taking account of the 
capacity of the NTUA-FRB, a model scale of 1:20 was 
selected, appropriate for the reduced-scale physical 
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modeling of the prototype problem. The dimensions and 
material properties were scaled down employing 
appropriate similarity laws [e.g. 24]. The two out-of-
plane boundaries of the FRB (i.e., the two “windows”) 
are considered to act as symmetry planes, and hence only 
half of the caisson foundation is modelled [see also 15]. 
This allows simultaneous testing of two different cases 
per experiment (e.g., free field on the one side and a 
caisson foundation at the other side, or two caissons 
positioned at different locations).  
 
Soil Properties 
 
The backfill consists of dry “Longstone” sand, a very 
fine uniform quartz sand with d50 = 0.15 mm and 
uniformity coefficient Cu = D60/D10   1.4, industrially 
produced with adequate quality control. The void ratios 
at the loosest and densest state were measured as emax = 
0.995 and emin = 0.614, while Gs = 2.64. Direct shear tests 
have been carried out to obtain the peak and post-peak 
strength characteristics of the sand. Medium loose [Dr = 
(45 ± 2%)] and dense [Dr = (80 ± 3%)] sand specimens 
were tested at normal stresses ranging from 13 kPa (due 
to the weight of the top cap only) to 300 kPa. As shown 
in Fig. 3 and documented in [25], the angle of shearing 
resistance depends strongly on the stress level; for 
stresses higher than 120 kPa φ’  320 while for lower 
stresses φ’ increases up to 550. For the dense specimens 
the angle of shearing resistance  350 for the higher stress 
levels and  510 at the lowest normal stress tested. These 
values drop after displacement of 6 mm to post-peak 
critical-state. The angle of dilation depends on the 
effective stress [26], with a maximum value ψ  12o. 
To realistically simulate the concrete–soil interface, 
the side surfaces of the caisson are covered with 
sandpaper of similar friction angle with the sand.  
 
20
25
30
35
40
45
50
55
0 50 100 150 200 250 300
normal stress (kPa)
Dr=80%
Dr=45%
Dr=80% post-peak
φ
' 
(d
e
g
)
normal stress σ (kPa)  
Dr = 80% peak
Dr = 45% peak
post peak 
0
25
0
35
0
45
0
55
0 50 100 150 200 250 300
normal stress (kPa)
Dr=80%
Dr=45%
Dr=80% post-peak
φ
' 
(d
e
g
)
60
 
Fig. 3  Direct shear test results for the Longstone sand used in 
the tests: mobilized fricton angle as a function of stress level.  
 
Model Preparation and Instrumentation 
 
The model is prepared by a custom-built automated sand 
raining system (Fig. 4). The latter consists of a sand 
hopper hanged from a beam, which travels back and forth 
at an electrically-controllable speed. The vertical position 
of the sand hopper is also electrically adjusted, sliding 
along two vertical support beams. The remotely 
controlled movement of the sand hopper determines the 
pluviation speed and height of drop. The resulting sand 
density depends on the raining height and the sand 
discharge rate. The height is controlled by the vertical 
position of the hopper; the discharge rate by the aperture 
of the hopper and the pluviation speed. The raining 
system has been calibrated for the “Longstone” sand used 
in our experiments, as described in [25].  
 
Vertical guides
Adjustable aperture
 
Fig. 4   Custom-built automated sand-raining systems used for 
preparation of the physical models.  
 
The sand is rained in layers  5.5 cm thick. At the end 
of each layer, a strip of painted sand is added to allow 
direct identification of fault rupture propagation path in 
the soil, and facilitate image analysis. For the free field 
simulation, the procedure is repeated until the total height 
of 75 cm, which corresponds to a prototype dense sand 
deposit of 15 m depth. For the models containing a 
caisson foundation, the sand raining is performed as 
previously described, until reaching 25 cm from the 
bedrock (i.e., 5 m in prototype scale). This is the 
foundation level of the base of the caisson foundation. 
The caisson is carefully placed in its position utilizing a 
manual crane, with special care on avoiding disturbance 
of the soil under the caisson. After installation of the 
caisson foundation, the sand raining is resumed, and goes 
on until reaching the total height of 75 cm.  
While conducting the test, the bedrock displacement 
is imposed very slowly in small consecutive increments, 
each of the order of 2 mm. After each displacement 
increment, a high-resolution digital camera photographed 
the deformed physical model. The digital images, 
subsequently analysed with the Geo-PIV software [27], 
give the caisson displacements and shear strains in the 
soil. In addition to the above, after each displacement 
increment the ground surface was scanned from above 
using a custom-built system (Fig. 5), consisting of a 
moving row of 8 laser displacement transducers, placed 
perpendicularly to the axis of the model. The row moves 
horizontally from one end of the container to the other at 
constant speed, scanning the ground surface to produce 
its new relief for each increment of fault dislocation h. 
4 
 
 
Fig. 5 Laser scanning of the surface of the physical model 
using a moving (at constant speed) row of laser displacement 
transducers.   
 
3 Numerical Simulation 
 
The finite element (FE) method has been applied 
successfully by several researchers to simulate the fault 
rupture as it propagates through soil in the free field and 
as it interacts with foundation–structure systems [14, 15, 
28-30]. In this study, the soil–foundation system is 
analysed in 3D. The FE model (Fig. 6) is a numerical 
replica of the Fault Rupture Box (FRB), and hence its 
dimensions are equal to those of the split-box. Converted 
to prototype scale the depth of the soil stratum is 15 m, 
while the length and width of the soil are 52 m and 12m, 
respectively. But since the experiment is at reduced scale, 
such a representation cannot be realistic unless scale 
effects are taken carefully into account. To this end, we 
introduce the variability of soil properties with normal 
stress level. Taking advantage of problem symmetry, 
only half of the model is analyzed. The geometry of the 
model fulfils the requirement of a length/depth ratio 
greater than 4, suggested by [11], in order to avoid 
parasitic boundary effects. 
Soil and caisson are simulated with 8-noded 
hexahedral continuum elements. At the central part of the 
model, where strain localization is expected, the mesh is 
finer (element size dFE = 0.4 m). The bottom boundary is 
split in two ; one part remains stationary (footwall, left), 
and the other (moving block, right) moves up or down to 
simulate normal or reverse faulting, respectively. After 
imposing the geostatic stresses and the dead load of the 
caisson foundation, the fault dislocation is applied in 
small quasi-static analysis increments.  
The soil is modelled employing the elastoplastic 
constitutive model described in [29], encoded as an 
ABAQUS user subroutine. The model incorporates 
elastic pre-yielding soil behaviour, assuming a shear 
modulus Gs linearly increasing with depth. A Mohr–
Coulomb failure criterion is combined with isotropic 
strain softening, reducing the friction φ and dilation ψ 
angles with octahedral plastic shear strain γploct according 
to the following relationships: 
 
(1) 
 
where : φp and φcs the peak and critical-state soil friction 
angles; ψp the peak dilation angle; and γf pl the octahedral 
plastic shear strain at the end of softening. Constitutive 
soil parameters are calibrated on the basis of direct shear 
tests, and the model has been validated with centrifuge 
experiments conducted at the University of Dundee, as 
discussed in detail in [29].  
45o
52 m 
10 m
2.5 m
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elements
Interface
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Fig. 6 3D FE discretization, along with key model dimensions 
and boundary conditions. 
 
For the small stresses of the reduced-scale 
experiments presented herein, the mobilized friction 
angle depends strongly on the stress level: scale effects. 
This problem does not exist in centrifuge model tests, 
where the stress level is equivalent to the prototype 
thanks to the centrifugal acceleration which multiplies 
the gravitational force by a factor of N (i.e., equal to the 
scale of the model). To overcome this problem, the 
octahedral stress level is taken into account with φ and ψ 
being iteratively adjusted (according to Eq. 1) to be 
consistent with γf pl and σοct. For this purpose, the 
experimental results of Fig. 3 are used directly, applying 
a simple curve-fitting rule. Thus, the analysis is roughly 
equivalent to the stress conditions of the experiments.  
The caisson foundation is of course linearly elastic. 
The soil-foundation interface is modelled using special 
contact elements that allow sliding, uplifting and/or 
separation (loss of contact). In the experiments, 
sandpaper was glued on the model caisson to increase the 
interface friction to realistic levels. Thus, a coefficient of 
friction μ = 0.7 is used appropriately for the interface 
between the sand and the sandpaper.   
 
4 Normal Faulting 
 
The experimental results are discussed in parallel with 
those obtained through numerical analysis. The free field 
case is presented first, followed by the interaction of the 
caisson foundation with the outcropping fault rupture, for 
two different characteristic locations. The results are 
presented and discussed in terms of: (a) deformations and 
strain localization within the soil, revealing the key 
interaction mechanisms; (b) surface displacement 
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profiles; and (c) foundation translation and rotation. In all 
presented cases the zero point of the horizontal, x, axis 
corresponds to the location of fault initiation at bedrock 
level. 
 
4.1 Free-field fault rupture propagation  
 
In Fig. 7 images of the deformed physical model are 
compared with FE deformed mesh on which plastic strain 
contours are superimposed. Fig. 8 compares numerical 
and experimental results in terms of vertical displacement 
profile of the ground surface for four values of h. 
Evidently, the primary fault rupture reaches the ground 
surface just after 0.3 m of imposed bedrock offset h. Due 
to the large density of the sand combined with the 
aforementioned scale effects the rupture path is quite 
steep, reaching the surface at 3 m: an effective dip angle 
of roughly 78o. At the same time, a secondary antithetic 
rupture has already made its appearance, having 
propagated almost 80% of the distance to the ground 
surface. The latter is due to the extension caused by the 
45o dip of the fault at bedrock. The analysis predicts a 
slightly less steep rupture path, but nevertheless agrees 
generally well with the experiment.  
 
h = 0.4 m h = 0.7 m h = 1.2 m
(a)
(b)
 
Fig. 7 Normal fault rupture propagation in the free field. 
Comparison of: (a) images of the deformed physical model, 
compared to (b) 3-D FE analysis deformed mesh with 
superimposed plastic deformation. 
 
In the experiment, the increase of the imposed fault 
offset to h = 0.7 m leads to the development of another 
set of primary and secondary ruptures, both propagating 
more steeply (Fig. 7). Also, the vertical displacement 
profiles of Fig. 8 show that the primary fault scarp 
progressively moves towards the footwall (leftward), and 
the secondary one towards the moving block (rightward). 
As a result, the fault graben that is formed between the 
two ruptures (primary and secondary) progressively 
becomes wider. This very interesting response is believed 
to be directly related to scale effects. At the beginning, 
the sand mobilizes its very large friction angle (of the 
order of 60o), leading to the very steep initial rupture 
path. With the accumulation of deformation, the sand 
within the shear band starts softening and the mobilized 
friction angle is reduced to the residual value (of the 
order of 32o), rendering the initial rupture paths 
kinematically inadmissible. At the same time, due to the 
imposed extensional deformation, the sand in the vicinity 
of the initial rupture has loosened, and its mobilized 
friction angle has become much lower (corresponding to 
loose rather than dense sand). For this reason, the newly 
developing ruptures are less steep than the initial ones. 
The numerical analysis cannot possibly capture such 
complicated soil response in full detail, but it does 
predict the final rupture paths fairly accurately.      
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Fig. 8 Normal fault rupture propagation in the free field. 
Comparison between numerical analysis and experiment in 
terms of vertical displacement profile at the ground surface for 
different characteristic values of imposed offset h. 
 
Further increase of the imposed deformation to h = 
1.2 m does not lead to any appreciable change, with the 
plastic deformation accumulating along the already 
developed rupture paths. The experimental results are in 
good agreement with previous smaller-scale experiments 
[e.g. 20] and centrifuge model tests [15, 31], but they 
also compare qualitatively well with field observations 
[28]. In general, normal faults tend to refract at the soil–
bedrock interface, becoming steeper. However, this 
inherent tendency is further amplified due to scale 
effects. This is confirmed by the analysis, which could 
not predict the experimental rupture path, unless scale 
effects were properly accounted for. The same model has 
been successful in predicting centrifuge model test results 
[29]. Hence the difference is attributable to scale effects.    
 
4.2 Interaction of the aisson with a Normal Fault 
 
(a) s/B = 0.16 
 
In this test the caisson was positioned so that the un-
perturbed (free-field) rupture would have crossed its base 
in the vicinity of its right corner. Experimental images 
and displacement vectors computed through image 
analysis are compared with FE deformed mesh with 
plastic strain contours in Fig. 9. Evidently, the caisson 
acts as a kinematic constraint, substantially altering the 
rupture path. For h = 0.4 m of bedrock fault offset, the 
primary rupture deviates towards the footwall (i.e., to the 
left) and a secondary rupture path develops towards the 
moving block, “grazing” the right wall of the caisson 
foundation (Fig. 9a). Close to the ground surface, and to 
the right of the caisson (i.e., in the moving block), 
another rupture is observed. The latter is associated with 
active conditions, as the block moves outwards and 
downwards. At the same time, the soil underneath the 
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caisson is extensively disturbed, and sliding at the soil–
caisson interface is taking place.  
For h = 0.7 m the caisson rotates towards the moving 
block, and the rupture to the left of the caisson constitutes 
the prevailing mechanism. Further increase of h to 1.2 m 
leads to a complex combination of shearing mechanisms, 
as the soil to the right of the caisson is subjected to 
extension due to the main faulting mechanism, but also to 
compression at the top due to the increasing rotation of 
the foundation. At this stage of deformation, there seems 
to have been a technical problem with the image analysis; 
its results close to the bottom of the model (Fig. 9b) are 
thus deemed unreliable.  
Overall, the numerical results (Fig. 9c) are in 
reasonable accord with the experiment, predicting similar 
deformation mechanisms and rupture paths. Moreover, 
the analysis predicts substantial loss of contact between 
the soil and the caisson near the footwall (i.e., to the left), 
which is in agreement with the experimental 
observations. However, the extent of this gap is 
underestimated in the analysis. Despite the 
aforementioned discrepancies, the numerical analysis 
predicts translational and rotational movement of the 
caisson quite successfully as shown in Fig. 10. The 
analysis slightly underestimates the vertical Δz and 
horizontal Δx displacement at the top of the caisson, but 
overestimates its rotation θ.  
 
h = 0.4 m h = 0.7 m h = 1.2 m
(a)
(b)
(c)
 
Fig. 9 Interaction of the caisson foundation with a normal fault 
rupture at s/B = -0.16. Comparison of experimental with 
numerical analysis results: (a) images of the deformed physical 
model, and (b) displacement vectors computed through image 
analysis, compared to (c) 3D FE deformed mesh with 
superimposed plastic strain contours.  
 
(b) s/B =0.80 
 
In this test, the caisson foundation is placed in such a 
manner that the unperturbed fault rupture would have 
crossed near its left edge. Selected images and 
displacement vectors  computed  through  image  analysis 
are compared with FE deformed mesh and its plastic 
strain contours in Fig. 11. 
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Fig. 10 Interaction of the caisson foundation with a normal 
fault rupture at s/B = -0.16. Comparison of experimental with 
numerical analysis results in terms of evolution with bedrock 
offset h of: (a) vertical Δz and horizontal Δx displacement, and 
(b) rotation θ at the top of the caisson foundation.  
 
For h = 0.4 m, the primary fault rupture has already 
developed, initiating from the bedrock dislocation point, 
interacting with the left edge of the caisson base, being 
slightly diverted towards the footwall, and finally 
becoming steeper as it propagates to the ground surface 
(Fig. 11a). The corresponding incremental displacement 
plot confirms the diversion of the fault rupture to the left 
of the caisson base. The localization has just emerged at 
the soil surface approximately 1.5 m to the left of the 
caisson. The caisson and the moving-block soil seem to 
translate almost as a rigid body, without any appreciable 
deformation in the soil.  
The increase of the fault offset to h = 0.7 m leads to 
the development of a secondary localization towards the 
standing block, which is quite similar to the one observed 
in the free-field. This secondary rupture is not only 
similar in terms of geometry, but also develops for 
roughly the same bedrock dislocation. This suggests that, 
in contrast to the previous case, the presence of the 
caisson is not substantially altering the propagation paths. 
Indeed, the interaction of the caisson with the 
propagating fault rupture leads only to a 1.5 m deviation 
of the main rupture path towards the standing block (i.e., 
to the left). Quite interestingly, as revealed by the 
displacement vectors of Fig. 11b, the caisson rotates anti-
clockwise (i.e., opposite to what would be expected). 
This is due to partial loss of support close to the right 
edge of its base, exactly because of the interaction with 
the outcropping fault rupture. With the exception of an 
additional secondary rupture that makes its appearance to 
the right of the caisson, further increase of h does not 
seem to provoke any substantial changes in the 
interaction mechanism.   
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Fig. 11 Interaction of the caisson foundation with a normal fault 
rupture at s/B = -0.80. Comparison of experimental with 
numerical analysis results: (a) images of the deformed physical 
model, and (b) displacement vectors computed through image 
analysis; compared to (c) 3D FE deformed mesh with 
superimposed plastic strain contours.  
 
As in the previous case, the numerical findings (Fig. 
11c) agree fairly well with the experimental results. The 
analysis captures the diversion of the primary fault 
rupture towards the standing block (to the left) due to its 
interaction with the left base corner of the caisson. The 
secondary rupture is also predicted quite accurately, 
although there is a discrepancy with respect to the 
additional steeper secondary rupture that develops in the 
end (for h = 1.2 m), which is not captured in the analysis.  
Figure 12 compares experimental versus theoretical 
results in terms of evolution with bedrock offset h of 
translation and rotation at the top of the caisson, and 
vertical displacement profiles at the ground surface. The 
caisson now follows the moving block, and hence the 
vertical displacement Δz is substantially larger (Fig. 12a). 
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Fig. 12 Interaction of the caisson foundation with a normal 
fault rupture at s/B = -0.80. Comparison of experimental 
with numerical analysis results in terms of evolution with 
bedrock offset h of: (a) vertical Δz and horizontal Δx 
displacement, (b) rotation at the top of the caisson 
foundation; and (c) vertical displacement profile at the 
ground surface.  
However, exactly because the interaction with the 
outcropping dislocation is not as intense, the horizontal 
displacement Δx and the rotation θ (Fig. 12b) are much 
lower. The horizontal displacement of the caisson top 
consists of two components: one being the horizontal 
translation, and one associated with its rotation. In the 
previous case, Δx was mainly due to the second 
component (i.e., the rotation). In this case, the horizontal 
translation is definitely larger (since it actually moves 
with the moving block) but the rotation θ is much lower, 
so that Δx at the top ends up being much smaller.  
The numerical prediction is quite successful in terms 
of vertical Δz and horizontal displacement Δx (Fig. 12a), 
but underestimates the rotation θ (Fig. 12b) for h > 1.2 
m. In terms of vertical displacement profiles at the 
ground surface the comparison is successful (Fig. 12c).  
 
5 Thrust Faulting 
 
As for normal faulting, the free field case is presented 
first, followed by the interaction of the caisson with the 
outcropping fault rupture for two characteristic locations.  
 
5.1   Free-field fault rupture propagation 
 
Selected images of the deformed physical model are 
compared with the 3-dimensional FE deformed mesh and 
its plastic strain contours in Fig. 13. In the experiment, 
the fault rupture has only propagated to about a third of 
the height of the soil deposit for bedrock fault offset h = 
0.6 m. Although no strain localization (expressed in the 
form of a fault scarp) can be observed, the quasi-elastic 
deformation (upheaval) of the ground surface is visible. 
The analysis is compatible with the experiment, with a 
relatively low strain shear zone propagating to the soil 
surface, but not yet developing a distinguishable scarp. 
For h = 1.0 m (not shown here), the fault rupture 
outcrops at a distance of about 16 m from the fault 
initiation point. Further increase of the bedrock fault 
offset to h = 1.4 m leads to the development of a 
secondary failure plane (yellow line), which outcrops to 
the left of the primary (i.e., towards the standing block). 
Further increase of h to 2.5 m simply leads to strain 
accumulation along the already developed shear zones, 
which tend to become more distinct.  
The numerical analysis predicts a similar failure 
pattern, but the two distinct failure zones of the 
experiment are not discernible. The primary fault rupture 
reaches the ground surface a little earlier than in the 
experiment, for h = 0.8 m, and a distinct failure plane is 
fully developed for almost twice that offset (h = 1.5 m). 
The analysis predicts a single broad failure region, the 
width of which is almost equal to the distance between 
primary and secondary fault rupture paths in the 
experiment. In agreement of theoretical, experimental, 
and field observations [e.g. 28], the failure plane tends to 
bend over the standing block of the fault: the dip angle 
decreases.  
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Fig. 13 Reverse fault rupture propagation in the free field. 
Comparison of: (a) images of the deformed physical model, 
compared to (b) 3D FE analysis deformed mesh with 
superimposed plastic deformation. 
  
The above conclusions are further elucidated in                
Fig. 14, which compares the vertical displacement profile 
of the ground surface for five values of bedrock fault 
offset. The two distinct fault scarps of the experiment, are 
conspicuous : the first one at 15 m and the second one at 
about 3 m. As previously discussed, the response gets 
complicated by scale effects. At the beginning, a very 
large friction angle is mobilized due to the small stress 
levels. In contrast to normal faulting, the soil is being 
compressed rather than extended. Hence, progressively, 
the mobilized friction angle decreases, leading to reduced 
“bending” of the rupture path over the standing block, i.e. 
to a steeper failure zone. The numerical analysis cannot 
fully capture such complicated response, predicting a 
single much wider dislocation, positioned between the 
two fault zones of the experiment.  
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Fig.  14 Reverse fault rupture propagation in the free field. 
Comparison between numerical analysis and experiment in 
terms of vertical displacement profile at the ground surface for 
characteristic values of imposed bedrock offset h. 
 
5.2  Interaction of the Caisson with a Thrust  Fault 
 
(a)   s/B =  0.66 
 
In this test, the caisson foundation was positioned so that 
the unperturbed (free field) fault rupture would have 
crossed the caisson base close to its middle. Fig. 15 
compares experimental images and displacement vectors 
with FE deformed mesh and plastic strain contours. 
Forced by the caisson, the fault rupture deviates more 
than 8 m towards the left edge of its base, progressively 
becoming less steep as it propagates to the surface.  As 
also revealed by the displacement vectors, although strain 
localization starts early (for h < 1 m), the fault trace 
clearly outcrops only after h = 1.4 m. A secondary 
rupture plane can also be noticed, starting from the 
bedrock fault initiation point and reaching the right edge 
of the caisson at its base. As a result, a triangular wedge 
is formed underneath the caisson base. A more diffuse 
shear zone develops along the right wall of the caisson. 
In other words, the caisson acting as a kinematic 
constraint leads to bifurcation of the fault rupture, with 
one branch being diverted towards the standing block, 
and the other “grazing” the right wall of the caisson. 
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Fig. 15 Interaction of the caisson foundation with a reverse 
fault rupture at s/B = -0.66. Comparison of experimental with 
numerical analysis results: (a) images of the deformed physical 
model, and (b) displacement vectors computed through image 
analysis; compared to (c) 3D FE deformed mesh with 
superimposed plastic strain contours.  
 
The incremental displacement vectors of Fig. 15b 
suggest that the two failure branches develop 
concurrently. The failure mechanisms (identified by the 
discontinuities of incremental displacements) are in 
agreement in general with the above image observations 
and are highlighted with blue dotted lines. The numerical 
analysis predicts exactly the same failure mechanism, 
with the fault rupture bifurcating. The effectiveness of 
the analysis is further elucidated in Fig. 16, which 
compares the results in terms of evolution with h of the 
translation and rotation at the top of the caisson, and of 
the vertical displacement profiles of the surface. The 
analysis captures accurately the translation of the caisson, 
overestimating the rotation by 35%, on the average.  The 
analysis compares adequately well with the experiment in 
terms of vertical displacement profile (Fig. 16c). 
 
(b) s/B =   0.04 
 
In this second reverse fault test, the caisson was 
positioned further to the left (i.e., towards the standing 
block) so that the unperturbed free field rupture would 
have interacted with its right wall near the lower corner. 
Selected experimental images and displacement vectors 
are compared with the FE deformed mesh and plastic 
strains in Fig. 17.  
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Fig. 16 Interaction of the caisson foundation with a reverse 
fault rupture at s/B = -0.66. Comparison of experimental with 
numerical analysis results in terms of evolution with bedrock 
offset h of: (a) vertical Δz and horizontal Δx displacement,              
(b) rotation θ at the top of the caisson foundation; and (c) 
vertical displacement profile at the ground surface.  
 
For h = 0.7 m the fault rupture upon reaching the base 
of the caisson splits in several fault branches, being in 
essence diffused. The caisson resists the imposed 
deformation, and none of these fault branches emerges on 
the surface even when h > 2.0m. The only observed 
surface dislocation develops at the right wall of the 
caisson  the result of sliding at the soil–foundation 
interface. A complex failure mechanism develops, 
combing shear straining along the main rupture path and 
bearing capacity failure at the left wall of the caisson due 
to its counterclockwise rotation. The increase of bedrock 
offset to 1.5 m and finally to 2.0 m leads to new 
bifurcations. Due to the intense interaction between the 
caisson and the soil, each developing failure mechanism 
soon becomes kinematically inadmissible, leading to the 
development of another, and so on.  
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Fig. 17 Interaction of the caisson foundation with a reverse 
fault rupture at s/B = -0.04. Comparison of experimental with 
numerical analysis results: (a) images of the deformed physical 
model, and (b) displacement vectors computed through image 
analysis; compared to (b) 3D FE deformed mesh with 
superimposed plastic strain contours.  
The numerical analysis is in qualitative agreement 
with the experiment, but not all of the aforementioned 
failure mechanisms could be reproduced in detail. Scale 
effects are partly to blame. The FE model cannot fully 
replicate such (perhaps spurious) phenomena, leading to 
a much simpler and perhaps not less realistic response. 
The same conclusions can be drawn from Fig. 18, which 
compares the numerical prediction with the experimental 
results in terms of vertical displacement profile at the 
ground surface.  
 
Δ
z 
(m
)
2.5
2
1.5
0
-35 -30 -25 -15 -10 5 10 15-20 0
x (m)
(c)
20
1
0.5
-0.5
h = 0.3 m
h = 0.7 m
h = 1.0 m
h = 2.0 m
Ex
p
er
im
en
t
A
n
al
ys
is
h = 1.5 m
h = 0.3 m
h = 0.7 m
h = 1.0m
h = 2.0 m
h = 1.5 m
 
Fig. 18 Interaction of the caisson foundation with a reverse fault 
rupture at s/B = -0.04. Comparison of experimental with 
numerical analysis results in terms of evolution with bedrock 
offset h of the vertical displacement profile at the ground 
surface. 
 
6 Summary and Conclusions 
 
The paper has presented an experimental and theoretical 
study focusing on the effects of two types of dip-slip 
faulting on massive caisson foundations. Whether normal 
or thrust, a fault rupture (i.e., a “shear band”) propagating 
into the soil interacts with the rigid caisson foundation 
producing new failure mechanisms, including diversion, 
bifurcation, and diffusion of the shear band.  The 
developing failure mechanisms are shown to depend 
profoundly on the faulting type, the exact location of the 
foundation relative to the fault, and the magnitude of the 
fault offset. The developed reasonably sophisticated 
numerical methodology is validated against the 
experimental results, although it cannot always capture 
the detailed strain localizations observed in the 
experiments. It is noted that some of these discrepancies 
between numerical and experimental results are largely 
related to the unavoidable small-scale effects.  
Nevertheless, the predicted translational and rotational 
movements of the top of the caisson are in accord with 
the experiments. 
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